Abstract. We previously identified 9 genes and chromosomal region 3q28 as susceptibility loci for myocardial infarction, ischemic stroke, or chronic kidney disease (CKD) in Japanese individuals by genome-wide or candidate gene association studies. In the present study, we examined the association of 13 polymorphisms at these 10 loci with the prevalence of hypertriglyceridemia, hyper-low-density lipoprotein (LDL) cholesterolemia, hypo-high-density lipoprotein (HDL) cholesterolemia, or CKD in community-dwelling Japanese individuals. The study subjects comprised 6,027 individuals who were recruited to the Inabe Health and Longevity Study, a longitudinal genetic epidemiological study of atherosclerotic, cardiovascular and metabolic diseases. The subjects were recruited from individuals who visited the Health Care Center at Inabe General Hospital for an annual health checkup, and they were followed up each year (mean follow-up period, 5 years). Longitudinal analysis with a generalized estimating equation and with adjustment for covariates revealed that rs6929846 of butyrophilin, subfamily 2, member A1 gene (BTN2A1) was significantly associated with the prevalence of hypertriglyceridemia (P=0.0001), hyper-LDL cholesterolemia (P=0.0004), and CKD (P= 0.0007); rs2569512 of interleukin enhancer binding factor 3 (ILF3) was associated with hyper-LDL cholesterolemia (P= 0.0029); and rs2074379 (P= 0.0019) and rs2074388 (P=0.0029) of alpha-kinase 1 (ALPK1) were associated with CKD. Longitudinal analysis with a generalized linear mixed-effect model and with adjustment for covariates among all individuals revealed that rs6929846 of BTN2A1 was significantly associated with the serum concentrations of triglycerides (P=0.0011), LDL cholesterol (P=3.3x10 -5 ), and creatinine (P= 0.0006), as well as with the estimated glomerular filtration rate (eGFR) (P= 0.0004); rs2569512 of ILF3 was shown to be associated with the serum concentration of LDL cholesterol (P=0.0221); and rs2074379 (P=0.0302) and rs2074388 (P=0.0336) of ALPK1 were shown to be associated with the serum concentration of creatinine. Similar analysis among individuals not taking any anti-dyslipidemic medication revealed that rs6929846 of BTN2A1 was significantly associated with the serum concentrations of triglycerides (P=8.3x10 -5 ) and LDL cholesterol (P=0.0004), and that rs2569512 of ILF3 was associated with the serum concentration of LDL cholesterol (P=0.0010). BTN2A1 may thus be a susceptibility gene for hypertriglyceridemia, hyper-LDL cholesterolemia and CKD in Japanese individuals.
Introduction
Dyslipidemia, including hypertriglyceridemia, hyper-low-density lipoprotein (LDL) cholesterolemia and hypo-high-density lipoprotein (HDL) cholesterolemia, is a multifactorial disorder that results from an interaction between an individual's genetic background, as well as lifestyle and environmental factors, the latter including a high-fat and high-calorie diet and physical inactivity (1, 2) . Given that dyslipidemia is an important risk factor for coronary artery disease, ischemic stroke and chronic kidney disease (CKD) (3, 4) , the personalized prevention of dyslipidemia is a key public health goal.
Recent genome-wide association studies (GWAS) have implicated various genes and loci in the predisposition to dyslipidemia in Caucasian populations (5) (6) (7) (8) (9) . Although we have previously demonstrated that the apolipoprotein A-V gene is a susceptibility locus for dyslipidemia in Japanese individuals (10) (11) (12) , the genes that contribute to genetic susceptibility to this condition in the Japanese population remain to be identified definitively.
CKD is a global public health concern, with affected individuals being at an increased risk not only for end-stage renal disease (ESRD), but also for a poor cardiovascular outcome and premature death (13) (14) (15) . Disease prevention is an important
Association of genetic variants with dyslipidemia
and chronic kidney disease in a longitudinal population-based genetic epidemiological study strategy for reducing the overall burden of CKD and ESRD, with the identification of markers for disease risk being key both for risk prediction and for potential intervention to reduce the chance of future cardiovascular events (16).
In addition to conventional risk factors, such as diabetes mellitus and hypertension, prevoius studies have demonstrated the importance of genetic factors and of interactions between multiple genes and environmental factors in the development of CKD (17, 18) . Although recent GWAS have implicated various genes and loci in renal function or predisposition to CKD or ESRD in Caucasian (19) (20) (21) (22) (23) or African-American (24, 25) populations, or in renal function-related traits in East Asian populations (26) , the genes that contribute to genetic susceptibility to CKD in Japanese individuals remain to be identified definitively.
We previously identified 9 genes and the chromosomal region 3q28 as susceptibility loci for myocardial infarction, ischemic stroke, or CKD in Japanese individuals by genome-wide (27) (28) (29) or candidate gene (30) (31) (32) association studies. In the present study, we examined the possible association of 13 single nucleotide polymorphisms (SNPs) at these 10 loci with the prevalence of dyslipidemia (hypertriglyceridemia, hyper-LDL cholesterolemia, or hypo-HDL cholesterolemia) or CKD in community-dwelling Japanese individuals.
Materials and methods
Study population. The study subjects comprised a total of 6,027 community-dwelling individuals who were recruited to a population-based cohort study (Inabe Health and Longevity Study) in Inabe (Mie, Japan). The Inabe Health and Longevity Study is a longitudinal genetic epidemiological study of atherosclerotic, cardiovascular, and metabolic diseases (33) (34) (35) (36) (37) (38) (39) . The detailed methods for the recruitment of the study subjects and the collection and storage of medical examination data and genomic DNA samples have been described in a previous study of ours (33) .
For the dyslipidemia analysis, 3,790 subjects with dyslipidemia and 2,237 controls were examined. Venous blood was collected in the early morning after the subjects had fasted overnight. The blood samples were centrifuged at 1,600 x g for 15 min at 4˚C, and serum was separated and stored at -30˚C until analysis. The serum concentrations of triglycerides, LDL cholesterol and HDL cholesterol were measured using a standard method at a clinical laboratory in the hospital.
The subjects with dyslipidemia had either hypertriglyceridemia, hyper-LDL cholesterolemia, or hypo-HDL choles terolemia. Individuals with hypertriglyceridemia and the corresponding controls had serum concentrations of triglycerides of ≥150 mg/dl (1.65 mmol/l) and of <150 mg/dl, respectively; individuals with hyper-LDL cholesterolemia and the corresponding controls had serum concentrations of LDL cholesterol of ≥140 mg/dl (3.64 mmol/l) and of <140 mg/dl, respectively; and individuals with hypo-HDL cholesterolemia and the corresponding controls had serum concentrations of HDL cholesterol of <40 mg/dl (1.04 mmol/l) and of ≥40 mg/dl, respectively. The control individuals had no history of dyslipidemia or of taking any anti-dyslipidemic medication.
For the CKD analysis, a total of 655 subjects with CKD and 1,457 controls were examined. The estimated glomerular filtration rate (eGFR) was calculated with the use of the simplified prediction equation derived from the modified version of that described in the Modification of Diet in Renal Disease (MDRD) Study, as proposed by the Japanese Society of Nephrology (40) Selection and genotyping of polymorphisms. The 13 SNPs examined in the present study were selected from our previous genome-wide (27) (28) (29) or candidate gene (30-32) association studies and were described previously (33) . Wild-type (ancestral) and variant alleles of the SNPs were determined from the SNP database (dbSNP; National Center for Biotechnology Information, Bethesda, MD, USA).
Venous blood (5 ml) was collected into tubes containing 50 mmol/l ethylenediaminetetraacetic acid (disodium salt), and peripheral blood leukocytes were isolated and genomic DNA was extracted from these cells using a DNA extraction kit (SMITEST EX-R&D; Medical & Biological Laboratories, Co., Ltd., Aichi, Japan). Genotypes of the 13 SNPs were determined at G&G Science Co., Ltd. (Fukushima, Japan) by a method that combines the polymerase chain reaction and sequence-specific oligonucleotide probes with suspension array technology (Luminex Corp., Austin, TX, USA). Primers, probes, and other conditions for genotyping of the SNPs examined in the present study were as previously described (33) , as was the detailed genotyping methodology (41) .
Statistical analysis. Quantitative data were compared between the subjects with dyslipidemia or CKD and the corresponding controls with the unpaired Student's t-test. Categorical data were compared using the χ 2 test. We examined the association of the 13 SNPs with dyslipidemia or CKD in a 5-year longitudinal cohort study. Longitudinal changes in the prevalence of hypertriglyceridemia, hyper-LDL cholesterolemia, hypo-HDL cholesterolemia, or CKD were compared between 2 groups (the dominant or recessive genetic model) by a generalized estimating equation (42) and with adjustment for age, gender and body mass index (BMI) for the analysis of dyslipidemia, or for age, gender, BMI, smoking status, and the prevalence of hypertension, diabetes mellitus and dyslipidemia for the CKD analysis. Longitudinal changes in the serum concentrations of triglycerides, LDL cholesterol, HDL cholesterol, or creatinine or in the eGFR in all individuals (or in individuals not taking any anti-dyslipidemic medication for the dyslipidemia analysis) were compared between 2 groups (the dominant or recessive model) in a generalized linear mixed-effect model (43) with adjustment for the same corresponding covariates. Age-related changes in the prevalence of hypertriglyceridemia, hyper-LDL cholesterolemia, or CKD; in the serum concentrations of triglycerides, LDL cholesterol, or creatinine; or in the eGFR were estimated with quadratic curve controlling for the observation year. A value of P<0.05 was considered to indicate a statistically significant difference. Statistical analysis was performed using R Software version 3.0.2 (the R Project for Statistical Computing) and JMP Genomics version 6.0 (SAS Institute, Inc., Cary, NC, USA).
Results

Analysis of dyslipidemia.
All the characteristics of the 3,790 subjects with dyslipidemia and the 2,237 controls in the cross-sectional analysis in March 2014 are shown in Table Ⅰ . Age, the frequency of the male gender and BMI were significantly greater in the subjects with dyslipidemia than in the controls.
The association of the 13 SNPs with the prevalence of hypertriglyceridemia, hyper-LDL cholesterolemia, or hypo-HDL cholesterolemia was analyzed with a generalized estimating equation and with adjustment for age, gender and BMI (Table Ⅱ) . The rs6929846 (T→C) SNP of the butyrophilin, subfamily 2, member A1 gene (BTN2A1) was found to be significantly associated with the prevalence of both hypertriglyceridemia (dominant model) and hyper-LDL cholesterolemia (dominant and recessive models). The rs2569512 (G→A) SNP of the interleukin enhancer binding factor 3, 90 kDa gene (ILF3) was also significantly associated with hyper-LDL cholesterolemia (recessive model). Genotype distributions for rs6929846 and rs2569512 in the subjects with hypertriglyceridemia or hyper-LDL cholesterolemia and the corresponding controls for 5-year longitudinal data are shown in Table Ⅲ .
Given that rs6929846 and rs2569512 were found to be significantly associated with hypertriglyceridemia or hyper-LDL cholesterolemia, the association of these SNPs with the serum concentrations of triglycerides or LDL cholesterol in all the individuals or in the individuals not taking any anti-dyslipidemic medication was analyzed with a generalized linear mixed-effect model and with adjustment for age, gender and BMI (Table Ⅳ) . The rs6929846 SNP of BTN2A1 was significantly associated with the serum concentrations of both triglycerides (dominant model) and LDL cholesterol (dominant and recessive models) among all the individuals and in the individuals not taking any anti-dyslipidemic medica- tion, with the minor T allele being associated with increased serum triglyceride and LDL cholesterol levels. The rs2569512 SNP of ILF3 was also associated with the serum concentrations of LDL cholesterol among all the individuals (dominant and recessive models) and in the individuals not taking any anti-dyslipidemic medication (recessive model), with the minor A allele being associated with lower concentrations of serum LDL cholesterol. The association between the prevalence of hypertriglyceridemia or hyper-LDL cholesterolemia and age was analyzed longitudinally with a generalized estimating equation according to the BTN2A1 genotype. The prevalence of hypertriglyceridemia (Fig. 1A) or hyper-LDL cholesterolemia (Fig. 1B) was greater in the combined group of subjects with the CT or TT genotypes of rs6929846 of BTN2A1 than in the subjects with the CC genotype from 40 to 90 years of age. The association between the serum concentrations of triglycerides or LDL cholesterol with age was also analyzed longitudinally according to the BTN2A1 genotype in all individuals with a generalized linear mixed-effect model. The serum concentrations of triglycerides (Fig. 1C) or LDL cholesterol (Fig. 1D) were greater in the combined group of individuals with the CT or TT genotypes of rs6929846 of BTN2A1 than in those with the CC genotype from 40 to 90 years of age.
CKD analysis. The characteristics of the 655 subjects with CKD and the 1,457 controls in the cross-sectional analysis carried out in March 2014 are shown in Table V . Age, the frequency of the male gender and BMI were significantly greater in the subjects with CKD than in the controls.
The association of the 13 SNPs with the prevalence of CKD was analyzed with a generalized estimating equation and with adjustment for age, gender, BMI, smoking status, and the prevalence of hypertension, diabetes mellitus and dyslipidemia (Table Ⅵ) . The rs2074379 (G→A) and rs2074388 (G→A) SNPs of the α-kinase 1 gene (ALPK1) (dominant model) as well as rs6929846 (T→C) of BTN2A1 (dominant model) were found to be significantly associated with the prevalence of CKD. The genotype distributions for rs2074379, rs2074388 and rs6929846 in the subjects with CKD and the controls for 5-year longitudinal data are shown in Table Ⅶ. Given that 3 SNPs were found to be significantly associated with CKD, the association of these SNPs with the serum concentration of creatinine or with the eGFR in all the individuals (n=6,027) was analyzed with a generalized linear mixed-effect model and with adjustment for age, gender, BMI, smoking status, and the prevalence of hypertension, diabetes mellitus and dyslipidemia (Table Ⅷ) . The rs2074379 and rs2074388 SNPs of ALPK1 were significantly associated with the serum concentration of creatinine (dominant model), with the minor G allele of each SNP being associated with increased serum creatinine levels. The rs6929846 SNP of BTN2A1 (dominant model) was significantly associated with the serum concentration of creatinine and the eGFR, with the minor T allele being associated with an increased creatinine level and a lower eGFR.
The association between the prevalence of CKD and age was analyzed longitudinally with a generalized estimating equation according to the BTN2A1 genotype. The prevalence of CKD was greater in the combined group of subjects with the CT or TT genotypes of rs6929846 of BTN2A1 than in the subjects with the CC genotype from 40 to 90 years of age ( Fig. 2A) . The association between the serum concentration of creatinine or the eGFR with age was also analyzed longitudinally according to the BTN2A1 genotype in all individuals with a generalized linear mixed-effect model. The serum concentration of creatinine was greater (Fig. 2B) , whereas the eGFR was lower (Fig. 2C) , in the combined group of individuals with the CT or TT genotypes of rs6929846 of BTN2A1 than in those with the CC genotype from 40 to 90 years of age.
Discussion
Given that genetic factors, as well as interactions between multiple genes and environmental factors have been previously shown to be important in the development of dyslipidemia and CKD (1, 2, 17, 18) , the prediction of the risk for these conditions on the basis of genetic variants would be beneficial for the personalized prevention of these conditions. In the present study, we demonstrated that rs6929846 of BTN2A1 was significantly associated with the prevalence of hypertriglyceridemia, hyper-LDL cholesterolemia and CKD in a longitudinal genetic epidemiological study, with the minor T allele of this SNP representing a risk factor for these conditions. In previous studies of ours, we demonstrated that rs6929846 of BTN2A1 was significantly associated with dyslipidemia (44) and CKD (45) in cross-sectional studies of different hospital-based populations. We have also previously detected an association of this SNP with dyslipidemia (38) and CKD (36) in previous cross-sectional analyses of the Inabe Health and Longevity Study. The results of the present longitudinal population-based study are thus consistent with these previous observations (36, 38, 44, 45) and validate the association of rs6929846 of BTN2A1 with dyslipidemia and CKD. BTN2A1 is a cell-surface transmembrane glycoprotein and a member of the butyrophilin superfamily of proteins. Many of these proteins regulate immune function, and polymorphisms within the coding sequences of the corresponding genes have been associated with the predisposition to inflammatory diseases (46) . We have previously demonstrated that the T allele of rs6929846 of BTN2A1 is associated with an increased risk of myocardial infarction and with an increased transcriptional activity of BTN2A1 (27) . We have also previously demonstrated that the serum concentration of high-sensitivity C-reactive protein is significantly greater in individuals in the combined group of CT or TT genotypes for this SNP than in those with the CC genotype among healthy subjects (47) . These observations suggest that the T allele of rs6929846 of BTN2A1 may accelerate inflammatory processes.
Inflammation has been found to induce multiple alterations in lipid and lipoprotein metabolism. Chronic inflammatory conditions thus result in increased serum concentrations of triglycerides and LDL cholesterol and in lower serum HDL cholesterol levels (48, 49) . Multiple cytokines likely affect the metabolism of cholesterol or triglycerides by several mechanisms, including the increased production and the reduced clearance of very low density lipoproteins, impaired reverse cholesterol transport and the reduced excretion of bile acids (48, 50, 51) . The acceleration of inflammatory processes by the T allele of rs6929846 may thus result in changes in lipid metabolism, leading to hypertriglyceridemia and hyper-LDL cholesterolemia, although the underlying mechanisms remain to be elucidated.
Renal tubulointerstitial fibrosis associated with injured tubules and inflammatory leukocytes has been considered a common characteristic of CKD (52) . Chronic inflammation plays a fundamental role in the promotion of interlinked fibrosis and cellular injury within the tubulointerstitium, with macrophages initially mediating this inflammatory process (53) . In addition, macrophage infiltration in response to glomerular and tubular injury leads to the production of pro-inflammatory cytokines, vasoactive eicosanoids and reactive oxygen species (54, 55) . This vicious cascade accelerates structural and functional damage, finally leading to the deterioration of renal function. Given the role of chronic inflammation in the pathogenesis of CKD, the association of rs6929846 of BTN2A1 with CKD may be attributable to the acceleration of inflammatory processes by the T allele of this polymorphism.
The results from the present study demonstrate that the rs2569512 SNP of ILF3 and both the rs2074379 and rs2074388 SNPs of ALPK1 are associated with hyper-LDL cholesterolemia and CKD, respectively. ILF3 has previously been found to be a candidate gene for myocardial infarction in Japanese individuals (27) . ILF3 is a subunit of nuclear factor of activated T cells (NFAT), a transcription factor required for the expression of the interleukin-2 gene in T cells (56) . ILF3 plays a role in the regulation of transcription, translation, mRNA stability and primary microRNA processing (57) . It is overexpressed in nasopharyngeal cancer, non-small cell lung cancer and ovarian cancer, suggesting that ILF3 may contribute to carcinogenesis (57) . The functional relevance of rs2569512 of ILF3 to the metabolism of LDL cholesterol, however, remains Table Ⅷ ALPK1, α-kinase 1 gene; BTN2A1, butyrophilin, subfamily 2, member A1 gene; eGFR, estimated glomerular filtration rate; BMI, body mass index; SNP, single nucleotide polymorphism.
unclear. ALPK1 was previously identified as a susceptibility gene for CKD among subjects with diabetes mellitus (29) . ALPK1 is thought to act synergistically with monosodium urate monohydrate crystals to promote the production of pro-inflammatory cytokines through the activation of nuclear factor-κB and mitogen-activated protein kinase (ERK1/2 and p38) signaling in cultured HEK293 cells, indicating that ALPK1 may contribute to inflammation associated with the development of gout (58) . ALPK1 may thus promote chronic inflammation of the kidneys, although the functional relevance of SNPs of ALPK1 to the pathogenesis of CKD remains unclear.
There were some limitations to the present study: ⅰ) given that the results of the present study were not replicated, validation of our findings will require their replication with other independent subject panels or ethnic groups; ⅱ) it is possible that rs6929846 of BTN2A1 is in linkage disequilibrium with other polymorphisms in the same gene or in nearby genes that are actually responsible for the development of dyslipidemia or CKD; and ⅲ) the functional relevance of rs6929846 of BTN2A1 to the pathogenesis of dyslipidemia or CKD has not been determined.
In conclusion, the results from the present study suggest that BTN2A1 is a susceptibility gene for hypertriglyceridemia, hyper-LDL cholesterolemia and CKD in community-dwelling Japanese individuals. The determination of genotypes for rs6929846 of BTN2A1 may prove informative for the assessment of the genetic risk for these conditions in the Japanese population.
